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REGULATION OF GENE EXPRESSION THROUGH MANIPULATION OF 

mRNA SPLICING AND ITS USES 

Field of t-Ti«» Invention 

The invention relates to cz's-acting genetic elements that render the removal of introns 
from precursor transcripts encoded by a gene of interest, and thereby the production of 
mRNA of such gene, which harbors one or more of said elements, dependent upon the 
activation of a trans-acting factor, the trans-acting factor being an RNA-activated 
protein kinase capable of phosphorylating the a-subunit of eukaryotic translation 
initiation factor 2. The invention further relates to vectors for implementing regulation 
of gene expression at the level of mRNA splicing by means of said elements, for 
therapeutical as well as biotechnological purposes. 

Background of th e Invention 

Throughout this application various publications are referenced by Arab numerals 
within square parentheses. Full citations for these references may be found at the end 
of the specification immediately preceding the claims. The disclosures of these 
publications in their entireties are hereby incorporated into this application in order to 
more fully describe the state of the art as known to those skilled therein as of the date 
of the invention described and claimed herein. 

When producing recombinant proteins in eukaryotic cells for biopharmaceutical and 
biotechnological purposes, the level of expression is a central parameter which 
controls the economy of the project. When the desired protein is present in the culture 
medium or cellular extract at low concentrations, its recovery will entail more 
extensive protein purification and lower final yield. However, high constitutive 
expression can in some instances lead to counterselection of the expressing cells 
during their proliferation phase, obstructing expression of a pharmaceutically or 
technologically relevant secreted protein to high levels in cell culture. Hence, there is 
a critical need for efficient and regulated expression vectors. 
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Improving the design of the expression vectors is also critical for gene therapy as 
illustrated by the often suboptimal levels of expression which have been observed in 
clinical trials. In this context, transgenic animals provide an appropriate model for 
testing gene therapy constructs, where an ability to regulate expression is of 
paramount importance. 

In the long term, transgenic animals or plants will provide an alternative to large scale 
cell culture for the production of massive amounts of proteins or other gene products 
such as RNA and this production will require careful regulation of expression of the 
gene encoding a desired product With the development of gene transfer techniques 
that allow the generation of transgenic animals or plants came the possibility of 
producing transgenic livestock functioning as animal bioreactors as an alternative 
strategy to cell culture systems for protein production [1]. For instance, protein 
secretion in the milk of large mammals could provide a cost-effective route for the 
production of large amounts of valuable proteins. As yet this technology is still in 
development and needs optimization, and there is a general requirement for methods 
to improve productivity. 

Regulated expression could be achieved by several routes. Efforts to improve the 
design of expression vectors for biotechnological purposes have focused on 
transcriptional control [1-4] in an attempt to achieve both high levels of transcription 
and externally regulatable transcription, and to some extent by control of translation. 
Large-scale cell culture production of biopharmaceuticals generally is accomplished 
by use of constitutive high-level expression vectors [5, 6], For expression of 
heterologous proteins that are toxic, or impose a negative effect on cell growth, a 
regulated expression system is highly desirable [5, 6]. This will allow for propagation 
of the production cells to high density before turning on expression of the desired 
protein. This was done previously by use of vectors with inducible transcription 
[7-11]. In most of these systems, however, the range over which expression can be 
controlled remains limited, thus inviting improvement. 



WO 00/14255 WW PCT/IL99/00483 

-3- 

This invention deals with another major level of control of gene expression which has 
received little attention up to now: mRNA splicing, which is the processing of 
precursor transcripts into mature mRNA containing only exon sequences, by excision 
of introns at the RNA level in the cell nucleus. The mRNA splicing step is a good 
candidate for control since evidence exists that this mechanism functions in vivo [12, 
13]. There are several examples of genes requiring a splicing event for mRNA 
production [24] and an intron generally is included in pharmaceutically employed 
expression vectors [5, 6]. For complementary DNA (cDNA) expression, the 
contribution of the intron to final product formation seems to be cDNA-specific but 
the mechanism of intron action remains largely unknown [25]. To date, little effort has 
been directed at regulation expression of genes for biotechnological use or gene 
therapy at the mRNA splicing step. Regulation of mRNA splicing would be useful for 
regulating expression of genes that have been transferred, be it into cell lines, the 
germline or somatic tissues. 

Expression of several cytokine genes is highly regulated at splicing of precursor 
transcripts [12, 13, 27-29]. Thus, shortly after the onset of induction of human 
interleukin-2 (IL-2) and interleukin- 1 p (TL- lp) genes, the flow of nuclear precursor 
transcripts into mature mRNA becomes blocked despite the fact that transcription, 
once activated by an inducer, continues unabated for an extensive period. Expression 
of IL-2 and IL-1 13 mRNA is superinduced by two orders of magnitude in the presence 
of translation inhibitors, without a significant increase in primary transcription or 
mRNA stability. Instead, splicing of precursor transcripts is greatly facilitated [13, 27]. 

Expression of the human tumor necrosis factor-a (TNF-a) gene is also regulated at 
splicing [13]. 2-Aminopurine (2-AP) blocks expression of TNF-a mRNA in primary 
human lymphoid cells. An adenine isomer, 2-AP inhibits specific kinases that 
phosphorylate the ct-subunit of eukaryotic translation initiation factor 2 (eIF2a) [17], 
including the RNA-activated protein kinase, PKR. [30]. 2-AP does not inhibit human 
TNF-a gene expression at transcription, nor does it affect mRNA stability. Instead, 
splicing of short-lived TNF-a precursor transcripts into mRNA is blocked when 2-AP 
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is present during induction, causing pre-mRNA to accumulate at the expense of 
mRNA; stability of TNF-a precursor transcripts is unaffected [13]. 2-AP blocks 
splicing of TNF-a precursor transcripts at multiple splice junctions. Neither the 
human EL-ip nor TNF-p gene shows such regulation. A 2-AP-sensitive component, 
expressed in functional form before induction, regulates splicing of TNF-a mRNA 
[13]. 

PKR, an RNA-activated Ser/Thr protein kinase, is a major negative regulator of 
translation [14, 15]. PKR is expressed constitutively in most cells but is induced by 
viruses, double-stranded RNA (dsRNA) and interferons [16], Activation of PKR 
requires its /nms-autophosphorylation which is facilitated by RNA, especially by 
dsRNA [15]. PKR phosphorylates eIF2c^ blocking GDP/GTP exchange [17] and 
preventing the recycling of eIF2 between rounds of initiation of translation [18]. Thus, 
activation of PKR triggers an inhibition of protein synthesis. Dominant-negative 
mutants of PKR have been described that inhibit rnms-autophosphorylation of the 
wild type enzyme, obligatory for its activation [19-21]. 

Activation of PKR requires its dimerization on RNA [22, 23] and thereby depends 
critically on its binding to RNA [23]. PKR contains two tandem double-stranded RNA 
binding motifs found in diverse proteins such as Drosophila staufen, ribosomal 
protein S5 and E. coli RNase III [26]. Perfectly matched dsRNA having the A 
conformation as well as certain other RNAs, including hepatitis delta agent RNA [31], 
reo virus SI 3-UTR [32] and human a-tropomyosin 3-UTR [33] activate PKR in vitro 
while adenovirus VA RNA [34] and Alu RNA bind to PKR and thereby inhibit its 
activation [35]. Both the activation of PKR and its inhibition require highly ordered 
RNA structures, rather than a specific sequence. Certain highly structured RNAs can 
be activators or inhibitors of PKR even when they contain imperfectly matched 
base-paired domains, such as human delta hepatitis agent RNA [26] or VA RNA [34]. 
The RNA-binding domain in PKR [36] requires 1 1-13 bp of dsRNA for binding [22, 
37, 38] and can tolerate non- Watson-Crick structures [39]. Moreover, noncontiguous 
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short helices of RNA can cooperate in binding of PKR and thereby, in its activation 
[39]. 

PKR was detected in cell nucleoplasm in an underphosphorylated state [40]. Upon 
induction by interferon, aggregates of PKR are colocalized with interchromatin 
granule clusters [41] known to contain significant amounts of spliceosomal 
components and to be involved in spliceosome assembly, sorting and recycling [42]. 
Modified splicing factors are recruited from these clusters into perichromatin fibrils 
where gene transcription occurs, facilitating cotransciptional RNA processing [42]. 
However, no functional connection between PKR and splicing was reported prior to 
this invention. 

The TNF-a 3 '-untranslated region (3'-UTR) has multiple roles in regulating expression 
of TNF-a mRNA. It downregulates the murine TNF-a promoter at transcription [43] 
and harbors an AU-rich determinant of mRNA instability [44]. This AU-rich motif 
mediates translational inhibition by IL-4 and IL-13 [45] and activation of translation 
by lipopoly saccharide [14] which induces formation of protein complexes that bind 
specifically to the nonanucleotide UUAUUUAUU [46]. However, no functional role 
for the TNF-a 3'-UTR, or for a 3'-UTR as such, in the regulation of mRNA splicing 
was reported prior to this invention. 

This invention describes the introduction of a novel cw-acting element, preferably 
within an expression construct, into a gene of interest, in order to render splicing of 
mRNA expressed by this gene dependent on the activation of an RNA-activated eIF2a 
kinase, thereby imparting on the expression of this gene a regulation at the mRNA 
splicing step by the novel cw-acting sequence element, through manipulation of the 
expression vector on one hand and application of methods known in the art to 
modulate the expression and/or activity of the RNA-activated eIF2a kinase in the 
recipient cells or organism on the other hand. Thus, the invention provides a novel 
solution to attain a regulated system for production of proteins of interest and to 
optimize expression and yield of such protein. 
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Summary of the Invention 

The present invention relates to c/j-acting nucleic acid sequences which render the 
removal of intron/s from a precursor transcript encoded by a gene which contains at 
least one such czj-acting nucleic acid sequence, which occurs during the production of 
mRNA of the gene, dependent upon activation of a fran^-acting factor which is an 
RNA-activated protein kinase capable of phosphorylating the cesubunit of eukaryotic 
initiation factor 2 (eIF2q). 

In specific embodiments the RNA-activated protein kinase is the RNA-activated 
protein kinase (PKR). 

In a preferred embodiment the c/5-acting nucleic acid sequence of the invention is 
derived from the 3 * untranslated region of the human tumor necrosis factor a gene 
(TNF-a3-UTR). 

In especially preferred embodiments the c£s*-acting nucleic acid sequence of the 
invention comprises the nucleotide sequence substantially as denoted by SEQ ID 
NO:l. The invention also relates to biologically functional fragments, derivatives, 
mutants and homologues of this sequence and to nucleotide sequences which can 
hybridize with complementary nucleotide sequences of SEQ ID NO:l and the 
biologically functional fragments, derivatives, mutants and homologues thereof. 

In a most preferred embodiment the c/5-acting nucleic acid sequence of the invention 
comprises SEQ ID NO:2 and biologically functional fragments, derivatives, mutants 
and homologues thereof. 

SEQ ED NO:l and SEQ ID NO:2 are provided, hereinafter, in Table 1. 

The cz^-acting nucleic acid sequences according to the invention are capable of 
rendering the removal of intron/s from a precursor transcript encoded by a gene which 
harbors at least one such c^-acting nucleic acid sequence, which occurs during the 
production of mRNA of the gene, dependent upon activation of a trans-acting factor 
which is an RNA-activated protein kinase capable of phosphorylating the ct-subunit of 
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eukaiyotic initiation factor 2 (eIF2q). The gene can be any gene of interest, including 
genes having a therapeutic, industrial, agricultural or any other commercial value or 
genes encoding proteins which are of therapeutic, industrial, agricultural or of any 
other commercial value. 

In a further aspect, the invention relates to a DNA construct comprising a gene which 
contains at least one intron; a cw-acting nucleotide sequence which is capable of 
rendering the removal of intron/s from a precursor transcript encoded by said gene, 
which gene includes at least one such ciy-acting nucleotide sequence, occurring during 
the production of mRNA of said gene, dependent upon activation of a /ram-acting 
factor, said rrarw-acting factor being an RNA-activated protein kinase which is 
capable of phosphorylating the cfrsubunit of eukaryotic initiation factor 2, operably 
linked to said gene; and optionally further comprising additional control, promoting 
and/or regulatory elements. 

In particular embodiments, said cis-acting nucleotide sequence in the DNA construct 
according to the invention comprises the nucleotide sequence substantially as denoted 
by SEQ ED NO:l or by SEQ ID NO:2, or biologically functional fragments, 
derivatives, mutants and homologues of the nucleotide sequence substantially as 
denoted by SEQ ID NO:l or by SEQ ID NO:2, or a nucleotide sequence whose 
complementary sequence hybridizes, under conditions which allow for such 
hybridization to occur, with the said nucleotide sequences. 

In the DNA constructs according to the invention, said gene is preferably a gene 
which encodes a protein is selected from the group consisting of enzymes, hormones, 
growth factors, cytokines, structural proteins and industrially or agriculturally 
applicable proteins, or is itself a therapeutic product, an agricultural product, or an 
industrially applicable product. 

In the DNA constructs according to the invention said nucleotide sequence can be 
contained within an exon or within an intron of said gene. 
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In a further aspect, the invention relates to a vector comprising the cw-acting 
nucleotide sequence or a DNA construct according to the invention and a suitable 
DNA carrier, capable of transfecting a host cell with said c/^-acting nucleotide 
sequence. 

In an additional aspect, the invention relates to a host cell transfected with a cw-acting 
nucleotide sequence or with a DNA construct according to the invention, capable of 
expressing substantial amounts of said gene. The transfected host cells in accordance 
with the invention are preferably eukaryotic or yeast cells. 

In addition, the invention relates to a transgenic animal carrying in its genome a 
czj-acting nucleotide sequence or a DNA construct according to the invention, which 
is capable of expressing substantial amounts of said gene. 

Additionally, the invention relates to a transgenic plant carrying in its genome a 
cw-acting nucleotide sequence or a DNA construct according to the invention, which 
is capable of expressing substantial amounts of said gene. 

Furthermore, the invention relates to methods of regulating gene expression at the 
mRNA splicing level by (a) providing a cis-acting nucleotide sequence which is 
capable of rendering the removal of intron/s from a precursor transcript encoded by a 
gene which contains at least one intron dependent upon activation of a /r<ms-acting 
factor, said transacting factor being an RNA-activated protein kinase which is 
capable of phosphorylating the o-subunit of eukaryotic initiation factor 2; (b) operably 
linking said cw-acting nucleotide sequence to said gene to give a DNA construct; 
(c) optionally combining the construct thus obtained with a suitable DNA carrier and 
optionally operably linking the same to suitable additional expression control, 
promoting and/or regulatory elements to give a transfection vector which is capable of 
transfecting a host cell; (d) transfecting a host cell with a cw-acting nucleotide 
sequence of the invention, or with a DNA construct of the invention or with the 
transfection vector, wherein the host cell is capable of expressing an RNA-activated 
protein kinase which is capable of phosphorylating the osubunit of eukaryotic 
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initiation factor 2; (e) to give a transfected host cell capable of expressing said gene in 
substantial amounts, in which the expression and/or activity of the RNA-activated 
eIF2akinase in said host cell is modulated. 

The present invention also encompasses various methods for treating an individual 
suffering an acquired or hereditary pathological disorder in which a therapeutic 
product is not made by said individual, or made is in abnormally low amounts or in a 
defective form or is made in essentially normal amount to be increased by providing a 
DNA construct or a vector according to the invention in which said gene encodes said 
therapeutic product and transfecting cells of said individual with the provided DNA 
construct or vector, whereby cells of said individual become capable of expressing 
said gene. 

Pharmaceutical compositions comprising as active ingredient a therapeutically 
effective amount of a cis-acting nucleotide sequence, a DNA construct, a transfection 
vector or transfected host cells according to the invention are also within ambit of the 
present invention. 

In yet a further embodiment, the invention relates to methods of producing 
recombinant proteins by the transfected host cells, transgenic animals or transgenic 
plants in accordance with the invention. 
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Brief Description of the Drawings 

Figure 1 Gene constructs used 

Introns are white boxes; ex, exon; 3 f tJTRa, TNF-a 3'-UTR; A n , 
polyadenylation and cleavage site of TNF-a gene (a), TNF-p gene 
(P) or SV40; nd, not determined; 5'a, 3 f a and 3 f p are defined in the 
text. E, EcoRI site; P, PstI site. 

Figure 2A-2F TNF-a 3'-UTR sequences are needed for inhibition of mRNA 

splicing by 2-AP 

BHK-21 cells were transfected with pTNF-a (A, B-D), p5*aCAT 
(E) or pTNF-c^B'UTR) DNA (F) and co-transfected with 
? pSV 2 CAT DNA (B, F). 2-AP was present from time of transfection 

S at the concentrations shown (A), or from 1 8 h thereafter at 1 0 mM 

(B-F). Cell viability remained constant. Total RNA was isolated at 
times shown after transfection and subjected to RNase protection 
analysis with 32 P-labeled TNF-a antisense RNA probes P (A, B, F) 
to quantitate correctly initiated TNF-a RNA (A: 169-nt band), 
TNF-a RNA carrying a correct 3' end (A: 83-nt band), TNF-a 
precursor transcripts (B, F: 700-nt band) or spliced RNA (B, F: 
341-nt band). In (B), upper autoradiogram shows a higher exposure 
of 700-nt band. Autoradiogram of (B) was subjected to 
densitometry; intensity of 700-nt band (C) and 341-nt band (D), 
expressed in the absence (O, □) or presence of 2-AP (•>■), is 
plotted. In B, E and F, CAT mRNA protects 250 nt of probe. In A 
and E, a-actin probe detects a 215-nt portion of mRNA. In 
autoradiograms A and E, left lane shows untransfected cells and in 
F, cells transfected with pSV^CAT DNA alone. 
Figure 3A-3E TNF-a3'-UTR sequences suffice to confer splicing control by 2-AP 

BHK-21 cells were transfected with pTNF-P (A, B), pTNF-P 
(3TJm-q) (C, D) or pTNF-c(3 f UTR-P) DNA (E) and 
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co-transfected with pSV^CAT DNA. 2-AP was present from 12 
(A, B) or 16 h after transfection (C-E) and CHX from 16 h (C, D). 
Cell viability remained constant. Total RNA was isolated at times 
shown and subjected to RNase protection analysis with 32 P-labeled 
antisense TNF-p intron 3/exon 4 RNA probe P to quantitate 
precursor transcripts (637-nt band) and spliced RNA (571-nt band) 
(A, C) or TNF-p exon 1/exon 2/exon 3 /intron 3 probe P to 
quantitate precursor transcripts (324-, 275- and 169-nt bands) and 
spliced RNA (214-nt band) (B, D). M, size marker. In E, TNF-a 
precursor transcripts (700-nt band) and spliced RNA (341-nt band) 
were analyzed as for Fig. 2B; upper autoradiogram shows a higher 
exposure of 700-nt band. CAT mRNA protects 250 nt of probe. 
Figure 4A-4D The TNF-a3'-UTR harbors an RNA element that activates PKR 

TNF-a 3-UTR DNA constructs (A) or TNF-p 3'-UTR DNA were 
used to generate T7 RNA transcripts that at the concentrations 
shown were incubated with rabbit reticulocyte ribosomal fraction 
and [y- 32 P]ATP; dsRNA (polylrpolyC) served as control (B). 
Autoradiogram of protein gel (B) was quantitated to yield, for each 
TNF RNA at 0.05 ng/ml, molar specific phosphorylation activity 
for PKR (C). In (D), dsRNA or purified 3 r UTR-cEP T7 transcript 
were incubated and analyzed as in (B), with 2-AP present at the 
indicated concentrations (in mM). 
5 Nuclease sensitivity making of TNF-a 3'UTR-cEP RNA 

5' End-labeled 3TJTR-c£Pt RNA was digested with Tl, U2 or VI 
nuclease directly to assay structure (str) (c, without nuclease) and, 
for Tl and U2, also after denWation at 50°C in 7 M urea (seq). 
Nucleotide ladder was generated by alkaline hydrolysis (OH). 
Autoradiogram of sequencing gel\s shown (Fig. 5A). Stem and 
loop regions relate to secondary structure at right, showing sites of 
nuclease attack, based on multiple Ynalyses. GGGC is from 
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to 



plasmid. 2-APRE is \he 2-AP response element (Fig. 5B). 
\ Phylogenetic conservation^ sequences is shown for Homo sapiens 

i (human), Sus scrofa (wild Boar), Oryctolagus cuniculus (rabbit), 

Bos taurus (bull) and Capra hir^us (goat) (Fig. 5C). 
Figure 6 The 2-APRE renders splicing of TNF-a mRNA dependent on 

activation of PKR 

BHK-21 cells were transfected with pTNF-c(3 l UTR-cEP) or 
pTNF-o(A3 r UTR) and where indicated, co-transfected with pPKRA 
6. pSV2CAT DNA was co-transfected in each case. 2-AP was 
added at 20 h after transfection where shown. Total RNA was 
analyzed as for Figure 2B to quantitate TNF-ccprecursor transcripts 
(700 nt) and spliced RNA (341 nt). CAT mRNA protects 250 nt of 
probe. 

Figure 7A-7C The TNF-a 2-APRE renders splicing of TNF-J3 mRNA dependent 

on activation of PKR 

BHK-21 cells were transfected with pTNF-ft3'UTR-cEP) (A, B) 
or pTNF-P (C) and where indicated, co-transfected with p PKRA5. 
pSV2CAT DNA was co-transfected in each case. In (A), 2-AP was 
added at 20 h after transfection. Total RNA was analyzed as for 
Figure 3 A to quantitate TNF-a precursor transcripts (637 nt) and 
spliced RNA (571 nt). M, size marker. CAT mRNA protects 250 nt 
of probe. 

Figure 8 The 2-APRE renders splicing of TNF-a mRNA dependent on 

activation of PKR. 

BHK-21 cells were transfected with pTNF-a(3TJTR-oEP) or 
pTNF-a( A3 'UTR) and where indicated, co-transfected with pPKR. 
pSV^CAT DNA was co-transfected in each case. Total RNA was 
analyzed as for Figure 2B to quantitate TNF-a precursor transcripts 
(700 nt) and spliced RNA (341 nt); upper autoradiogram shows a 
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higher exposure of 700-nt band. CAT mRNA protects 250 nt of 
probe. 

Detailed Description of Prefer red Embodiments 

In search for a regulatory element which could control expression at the mRNA 
splicing level, and could thus form the basis for improved design of eukaryotic 
expression vectors, improve the basal yield of expression vectors and enable 
implementing a novel mode of regulation of gene expression at the level of mRNA 
splicing, the inventors have surprisingly discovered that the human TNF-a gene is so 
regulated, i.e. it is regulated at the level of splicing of mRNA. 

As will be demonstrated in the following Examples, the inventors have shown that the 
3' untranslated region of the human TNF-a gene (TNF-a 3'-UTR) contains a 
c/j-acting element that renders splicing of precursor transcripts encoded by this gene 
dependent on the activation of PKR. Insertion of this element, or functional 
derivatives thereof, for example a minimal functional portion of the TNF-a3'-UTR, 
designated herein 2-APRE (2-AP response element), into another gene renders 
splicing of precursor transcripts encoded by that other gene sensitive to the level of 
PKR. activity which can be manipulated, for example, by the eIF2a kinase inhibitor, 
2-AP, or by co-expression of a transdominant-negative mutant of PKR.. Thus, PKR 
responds as trans-acting factor to the 2-APRE. 2-APRE-encoded RNA forms a stable, 
I7-bp stem-loop structure and strongly activates PKR in vitro, inducing eIF2a 
phosphorylation. 

Splicing of TNF-a precursor transcripts into mature mRNA molecules is blocked in 
intact cells by 2-aminopurine (2-AP) [13]. Removal of most of the 3' untranslated 
region of the TNF-a gene (3'-UTR) led to loss of splicing regulation by 2-AP and the 
TNF-a 3'-UTR is sufficient to render splicing at multiple introns sensitive to 2-AP. 
The 2-APRE was mapped into a 104 nt region in the 3-UTR, located well upstream of 
the AU-rich mRNA instability sequence that was shown to repress TNF translation 
[14]. By replacing 3'-UTR sequences in a heterologous gene with TNF-a 3'-UTR 
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sequences containing the 2-APRE, a chimeric gene was created whose expression had 
become sensitive to inhibition by 2-AP at splicing, demonstrating a 
transcript-independent function of the 2-APRE element. The observed 2-AP 
sensitivity of TNF-a pre-mRNA splicing suggested that this effect is mediated 
through the PKR protein, the role of which has been extensively discussed above. 

* 

The inventors have thus discovered a novel regulatory expression element, the 
2-APRE, which can act as a regulatory expression element at the mRNA splicing level 
and can be employed for increasing as well as regulating expression of genes. The 
DNA sequence encoding the 2-APRE element is denoted herein as SEQ ID NO:l. 

Therefore, the invention relates to a cw-acting nucleic acid sequence which is capable 
of rendering the removal of intron/s from a precursor transcript encoded by a gene, 
which gene harbors at least one such cw-acting nucleic acid sequence, occurring 
during the production of mRNA of said gene, dependent upon activation of a 
trans-acting factor, said trans-acting factor being an RNA-activated protein kinase 
which is capable of phosphorylating the ctsubunit of eukaryotic initiation factor 2. 

In preferred embodiments the cw-acting nucleic sequence of the invention renders the 
removal of intron/s from said precursor transcripts dependent upon activation of 
RNA-activated protein kinase (PKR). 

In specific embodiments of the invention, the cw-acting nucleotide sequence is 
derived from the 3' untranslated region of the human tumor necrosis factor a gene 
(TNF-a3'-UTR). 

Thus, a preferred cw-acting nucleotide sequence according to the invention comprises 
(a) the nucleotide sequence substantially as denoted by SEQ ID NO:l; or (b) 
biologically functional fragments, derivatives, mutants and homologues of the 
nucleotide sequence substantially as denoted by SEQ ID NO:l; or (c) a nucleotide 
sequence whose complementary nucleotide sequence hybridizes, under conditions 
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which allow for such hybridization to occur, with the nucleotide sequences of (a) or 
(b). 

A most preferred cw-acting nucleotide sequence according to the invention comprises 

(a) the nucleotide sequence substantially as denoted by SEQ ED NO:2; or (b) 
biologically functional fragments, derivatives, mutants and homologues of the 
nucleotide sequence substantially as denoted by SEQ ID NO:2; or (c) a nucleotide 
sequence whose complementary nucleotide sequence hybridizes, under conditions 
which allow for such hybridization to occur, with the nucleotide sequences of (a) or 

(b) . 

SEQ ED NO:l and SE^ ED NO:2 are shown in the following Table 1. 

Table 1 



SEQ ID NO:l 

GAATTCAAACTGGGGCCTCCAG^CTCACTGGGGCCTACAGCTTTGATCCCTGACATCTG 

. \ j. + y +2876 

2817 + + T + 

cttaagtttgaccccggaggtcttWtgaccccggatgtcgaaactagggactgtagac 
gaatctggagaccagggagcctttgg\tctggccagaatgctgc 

2877 * — + 2920 

cttagacctctggtccctcggaaaccaa^accggtcttacgacg 
SEQ ID NO:2 

TCAAACTGGGGCCTCCAGAACTCACTGGGGCCT^CAGCTTTGA 

2821 +■ - - 2863 

CTTAAGTTTGACCCCGGAGGTCTTGAGTGACCCCGlEATGTCGA 



As shown in Example 7 and Fig. 5B, 3'UTR-oSP RNA forms a stable, 5'-proximal 
48-nt stem-loop containing 17 base pairs (DG= -59 kJ at 30OC).The DNA encoding 
this stem loop is denoted herein by SEQ ED NO :2 . \ 
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The term "functional" as used herein is to be understood as any such sequence which 
would render the removal of introns from precursor mRNA transcripts encoded by a 
gene which harbors such sequences, dependent upon activation of a /ra/zs- acting factor 
which is an RNA-activated protein kinase capable of phosphorylating eIF2a 

In a further aspect the invention relates to a DNA construct comprising a gene which 
contains at least one intron; a c/j-acting nucleotide sequence which is capable of 
rendering the removal of intron/s from a precursor transcript encoded by said gene, 
which gene includes at least one such cw-acting nucleotide sequence, occurring during 
the production of mRNA of said gene, dependent upon activation of a trans-acting 
factor, said #*<mr-acting factor being an RNA-activated protein kinase which is 
capable of phosphorylating the ct-subunit of eukaryotic initiation factor 2, operably 
linked to said gene; and optionally further comprises additional control, promoting 
and/or regulatory elements. 

The control, promoting and/or regulatory elements are suitable transcription 
promoters, transcription enhancers and mRNA destabilizing elements, or any other 
suitable elements known to those skilled in the art. 

In a specific embodiment, the c/s-acting nucleotide sequence contained within a DNA 
construct of the invention comprises the nucleotide sequence substantially as denoted 
by SEQ ED NO:l; or biologically functional fragments, derivatives, mutants and 
homologues of the nucleotide sequence substantially as denoted by SEQ ID NO:l; or a 
nucleotide sequence whose complementary sequence hybridizes, under conditions 
which allow for such hybridization to occur, with the nucleotide sequences denoted by 
SEQ ID NO:l or with the biologically functional fragments, derivatives, mutants and 
homologues thereof. 

In a particularly preferred embodiment the cis-acting nucleotide sequence contained 
within the DNA construct of the invention comprises the nucleotide sequence 
substantially as denoted by SEQ ID NO:2; or biologically functional fragments, 
derivatives, mutants and homologues of the nucleotide sequence substantially as 
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denoted by SEQ ID NO:2; or a nucleotide sequence whose complementary sequence 
hybridizes, under conditions which allow for such hybridization to occur, with the 
nucleotide sequence denoted by SEQ ID NO:2 or with the biologically functional 
fragments, derivatives, mutants and homologues thereof. 

The exacting nucleotide sequence comprised in the DNA constructs of the invention 
may be contained within an exon or within an intron of the gene. 

In the DNA construct of the invention said gene may encode a protein selected from 
the group consisting of enzymes, hormones, growth factors, cytokines, structural 
proteins and industrially or agriculturally applicable proteins, or the gene is itself a 
therapeutic product, an agricultural product, or an industrially applicable. 

Specific DNA constructs according to the invention are such in which the gene is the 
human TNF-ctgene. Examples for such constructs are the plasmid pTNF-a (Fig. 1C) 
and the plasmid pTNF-c(3 'UTR-oEP) (Fig. II), in both of which the c/s-acting 
element is contained within an exon of the gene. The cis-acting element may also be 
contained within an intron of said gene, as in, for example, the plasmid pTNF-a 
(A3'UTR)i3EP (Fig. IK). 

Other specific DNA constructs are such in which the gene is the human TNF-(i gene. 
Examples for these constructs are the plasmid pTNF-|3(3'UTR-c$ (Fig. IF) and the 
plasmid pTOT-p^'UTR-oEP) (Fig. 1J), in both of which the cis-acting element is 
contained within an exon of the gene. 

In a further aspect, the invention relates to a transfection vector comprising the 
cw-acting element of the invention, or functional fragments, derivatives, homologues 
or mutants thereof, optionally operably linked to suitable additional control, promoting 
and/or regulatory sequences. The vectors of the invention are designed to facilitate the 
introduction of the cis-acting element into a host cell. 
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The vectors may contain suitable additional control, promoting and/or regulatory 
sequences of cellular and/or viral origin. The invention relates also to host cells 
transfected with a gene of interest operably linked to the cis-acting element of the 
invention, or with the cfs-acting element of the invention itself, and to their various 
uses. 

Specifically, the invention relates to a host cell transfected with a DNA construct or an 
expression vector according to the invention. Alternatively, the host cell may be 
transfected with DNA encoding a exacting element according to the invention itself. 
Host cells according to the invention can also be cells only transfected with the 
exacting nucleotide sequence of the invention. 

The host cells according to the invention may be eukaryotic or yeast cells. Examples 
of eukaryotic cells are, inter alia, mammalian hemopoietic cells, fibroblasts, epithelial 
cells, or lymphocytes. 

Specific host cells which may be transfected are the baby hamster kidney (BHK-21) 
cell line or the Chinese hamster ovary (CHO) cell line. 

With the development of gene transfer techniques that allow the generation of 
transgenic animals came the possibility of producing animal bioreactors as an 
alternative strategy to cell culture systems for protein production [25]. For instance, 
protein secretion in the milk of large mammals could provide a cost effective route for 
the production of large amounts of valuable proteins. As yet this technology is still in 
development and needs optimization, and there is a general requirement for methods 
to improve productivity. The cij-acting nucleotide sequences according to the 
invention may help attain this goal by improved regulation of the expression of a 
desired protein. 

Thus, the invention also relates to a transgenic animal which carries in its genome a 
ciy-acting nucleotide sequence or DNA construct in accordance with the invention, 
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which transgenic animal is capable of expressing substantial amounts of protein 
encoded by said gene. 

The transgenic animals of the invention may be used in a method of producing 
recombinant en2ymes, hormones, growth factors, cytokines, structural proteins or 
other industrially or agriculturally applicable proteins, also encompassed by the 
present invention, which process comprises the steps of (a) providing a transgenic 
animal transformed with a DNA construct according to the invention, in which said 
gene encodes such enzyme, hormone, growth factor, cytokine, structural protein or 
another industrially or agriculturally applicable protein, said transgenic animal being 
capable of expressing said gene in substantial amounts; (b)growing the transgenic 
animal provided in (a) under suitable conditions to allow the said gene to be 
expressed; and (c) isolating the protein encoded by said gene from said animal, or 
from an egg or body secretion thereof. Techniques in which the gene is expressed, for 
example, in cattle's milk and chicken eggs may be used, and the desired protein 
encoded by the gene isolated. 

Regulated expression could be achieved by several routes. To date, transcriptional 
regulation has received most attention [1-4], while little effort has been directed at 
improving efficiency of pre-mRNA processing. In the broader context, mechanisms 
allowing the regulation of RNA processing would assist gene transfer, be it into cell 
lines, the germline or somatic tissues. Transgenic animals, provide an appropriate 
model for testing gene therapy constructs, where an ability to regulate expression is of 
paramount importance. 

The present discovery of the cis-acting element in the human TNF-a 3-UTR that 
renders splicing of TNF-a mRNA sensitive to inhibition by 2-AP, provides a unique 
and novel tool for bringing expression of a desired gene under the control of this 
mechanism. Such regulation can be implemented by introducing the cts-acting element 
into expression vectors and generating cell lines in which the expression of PKR can 
be manipulated. The exonic cw-acting element from the TNF-a gene of this invention, 
is a portable element that confers splicing control. Since upon transport into the 
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cytosol, however, localized activation of PKR by the cw-acting element residing in 
resulting mature mRNA may tend to reduce its translation efficiency through 
phosphorylation of eIF-2, the advantage gained from control of splicing may thus be 
offset by a loss in translation efficiency. To solve this problem, important for 
applications in biotechnology, the c/5-acting element can be moved from the TNF-a 
3-UTR into an intron of this gene. After first activating the splicing mechanism in cis, 
the intronic cfs-acting element itself will now be spliced out of the mRNA, yielding a 
cw-acting element-free mRNA that should no longer activate PKR through this 
element during translation. 

Genes rendered sensitive to cw-acting element-mediated splicing control by insertion 
of the exacting element can be cotransfected with a negative dominant mutant of 
PKR, for example, PKRA>, to inhibit or modulate PKR-dependent splicing in 
transfected cells. Further, cotransfection with a constitutively expressed adenovirus 
VA RNA construct [34] can be used as tool to inhibit or reduce activation of PKR. 
Further, cotransfection with a constitutively expressed vaccinia virus E3L, K3L 
construct [62,63] can be used as tool to inhibit or reduce activation of PKR. A 
regulated expression system based on the regulation of TNF-a expression at the level 
of splicing in such a way that it can be controlled by low molecular weight compounds 
in the medium can be designed. As for most regulated expression systems, this will 
depend upon the presence of two distinct components: the target element in the 
expression vector (for example, the human TNF-a czs-acting element) and a regulated 
effector provided by manipulating the expression and/or activity of RNA-activated 
protein kinase capable of phosphorylating the cesubunit of eukaryotic translation 
initiation factor 2. Such a system may later be combined with already existing vectors 
in which expression is regulated at the level of transcription or translation. 

The exacting element from' the TNF-a gene element can be chosen initially for 
splicing control. This element, preferably in the intronic form, may be integrated into 
vectors having any convenient reporter genes for qualitative and quantitative testing. 
The czs-acting element may be integrated at different positions, 3' or 5' to the reading 
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frame of the reporter gene, in order to assess its function in splicing regulation as well 
as possible side effects on transcription yield, mRNA half-life, and translation yield. 
Reporter genes to optimize the construct can be firefly luciferase and green 
fluorescent protein mutants. Both reporters can be integrated in one test vector, either 
as a bicistronic construct or, preferentially, as a bifunctional fusion protein. The 
promoter of the resulting vector construct containing the gene to be expressed will be 
constitutive with respect to manipulation of cells and the application of regulating 
compounds to be described below. 

The trans-acting regulator presently implicated for the cis-acting element is 
RNA-activated protein kinase capable of phosphorylating ctsubunit of eukaryotic 
translation initiation factor 2. Downregulation of RNA-activated protein kinase 
capable of phosphorylating the o-subunit of eukaryotic translation initiation factor 2 
should reduce splicing, while overexpression of said kinase should increase it. 
Although overexpression of RNA-activated protein kinase capable of phosphorylating 
the ctrsubunit of eukaryotic translation initiation factor 2 occurs, for example, in 
interferon-treated cells, the enzyme remains inactive as long as viral dsRNA is 
lacking, thus allowing translation to proceed unabated and cells to grow normally. As 
an alternative to obtaining a functional self-eliminating cts-acting element, is nuclear 
targeting of RNA-activated protein kinase capable of phosphorylating the ctrsubunit of 
eukaryotic translation initiation factor 2 through a nuclear localization signal. 

Regulating the activity of RNA-activated protein kinase capable of phosphorylating 
the ctrsubunit of eukaryotic translation initiation factor 2 may be achieved by the 
construction of fusion proteins between an RNA-activated protein kinase capable of 
phosphorylating the osubunit of eukaryotic translation initiation factor 2 and specific 
protein receptor elements, for example hormones receptor elements. In many 
examples, it was shown before that such fusion proteins are fully dependent on the 
respective protein (in the case of hormones, e.g. progesterone, estradiol, or tamoxifen). 
Both wild type PKR and the negative dominant mutant PKR£6 may be considered. 
The function of these fusion proteins in dependence on the protein (e.g. steroid 
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hormone) can be tested by examining autophosphorylation of the PKR fusion protein 
or its targets, endogenous PKR or eIF-2. Furthermore, this regulation may be tested 
with respect to reporter gene expression of cotransfected splicing vector containing the 
czs-acting element. 

As an alternative to regulating the activity of an RNA-activated protein kinase capable 
of phosphorylating the cesubunit of eukaryotic translation initiation factor 2, its 
expression can be controlled by use of the TET-off system [7]. 
Transactivator-containing cells can be supertransfected with the PKR gene under 
control of the tetracycline- dependent promoter. Thus, in the presence of tetracycline 
the promoter should be off and in its absence, overproduction of PKR or a 
transdominant-negative mutant, for example, PKRA3 should take place (E3L, K3L, 
VA or Eber RNA). 

The invention will now be described with more detail on hand of the following 
Examples, which are illustrative only and do not limit the scope of the invention, only 
defined by the appended claims. 

Examples 

DNA Constructs for Transfection 

pS'CAT was constructed by subcloning a filled in 821 -bp EcoRI-Sau3AI fragment 
containing TNF-a upstream regulatory sequences, the 151-bp 5 ! -UTR and the first 6 
codons, into the filled in HindlQ site of pSV 40 CAT which lacks the SV40 
promoter/enhancer [47]. p5 f CAT(3 -UTR-a) was constructed by subcloning a 823-bp 
filled in EcoRI-EcoRI TNF-a gene fragment comprised of 573 3 ! -terminal bp of the 
3 f -UTR, the polyadenylation site and downstream sequences, into the Hpal site 
downstream of the CAT coding region in p5 r CAT. pTNF-a contains the entire human 
TNF-a gene, including upstream regulatory sequences [48], in pUC13pML. pTNF-(A 
3TJTR), a construct containing the entire TNF-a gene but lacking 573 3 -terminal bp 
of the 3'-UTR, was made by digesting p TNF-a with EcoRI and subcloning the 
2,796-bp 5'-terminal TNF-a gene fragment into pBS (Stratagene). pTNF-ft a 
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construct containing the entire human TNF-P gene, including 572 bp upstream of the 
transcription start site and 250 bp downstream from the 3'-UTR, was constructed by 
digesting cosmid vector 019A containing 35 Kbp of the MHC class II locus with 
BamHI and Sad and subcloning the resulting 2,858-bp TNF-p genomic fragment into 
pBS. In pTNF-P(3TJTR-a), the TNF-P gene is truncated 160 bp into the 3'-UTR and 
abutted to a 823-bp EcoPJ-EcoRI TNF-agene fragment comprised of 573 3'-terminal 
bp of the 3'-UTR, the polyadenylation site and downstream sequences; the construct 
was generated by digesting cosmid vector 019A with EcoPJ and joining, in pBS, the 
resulting 2,384-bp TNF-P gene fragment to the first fragment. In the reciprocal 
construct, pTNF-o(3XJTR-P), the TNF-agene in pTNF-a was truncated 219 bp into 
the 3'-UTR by digestion with EcoRI and joined to a 572-bp EcoRI-PstI TNF-p gene 
fragment comprised of 389 S'-terminal bp of the 3'-UTR, the polyadenylation site and 
downstream sequences. 

pTNF-c<3'UTR-oEP) was constructed in pTNF-ct by joining a 2,894-bp Smal-PstI 
TNF-a gene fragment to a 333-bp Sphl-SphI TNF-P gene fragment containing 153 
terminal bp of the 3'-UTR, the polyadenylation site and downstream sequences. To 
this end, a 3,23 1-bp Smal-Sspl TNF-agene fragment was first inserted into the Smal 
site of pBS and a 333-bp Sphl-SphI TNF-P gene fragment inserted into the 
downstream SphI site. PstI digestion and self-ligation then joined the TNF-a gene, 
truncated at the PstI site in the 3'-UTR; to this TNF-P gene fragment, with an 
intervening 6-bp Pstl-SphI sequence from pB?. P TOF-K3TJTR-cEP) was constructed 
from pTNF-cO'UTR-cEP) by digestion with EcoRI to remove the TNF-agene up to 
the EcoRI site in the 3'-UTR and its replacement with a 2,139-bp EcoRI-EcoRI TNF-p 
gene fragment from pTNF-p. p PKR/6 contains the human PKR gene having a 
deletion of amino acids 361-366, under the CMV promoter [20]. 

pTNF-oCZS'UTR-iSEP) was constructed by joining Sphl-digested pTNF-c(£3TJTR) 
DNA to the 333-bp Sphl-SphI TNF-P gene fragment described above which is 
comprised of 153 terminal bp of the 3\tTR, the polyadenylation site and downstream 
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sequences. This plasmidWas th en digested with Xhol which cuts uniquely inside 
TNF-ctintron 3. A 2-APReV>NA fragment abutted by Xhol restriction sites was then 
inserted into this site. The 2-APRE DNA fragment was obtained by polymerase chain 
reaction using pTNF-a DNA \s template and two synthetic DNA primers of 
sequences 5 y -CCGCTCGAGAATTCAAACTGGGGCCTCC-3 r and 

5 5 -CCGCTCGAGTGCAGCATTCTGteCCAGAACC-3' as 5' and 3* primers, 
respectively; the DNA product was digested with Xhol before ligation. Orientation of 
the 2-APRE insert in pTNF-c(£3'UTR-i3HP) was determined by analysis of DNA 
fragments generated upon PvuII/PstI digestion^ 

Cell Culture 

BHK-21 cells were grown in DMEM medium supplemented with 2 miM glutamine, 
40 mM NaHC03, 10 mM Hepes, pH 7.3, 100 mg/ml of penicillin and streptomycin, 
10 mg/ml nystatin and 10% fetal calf serum. 2-AP (Sigma) was added at 10 mM 
unless otherwise indicated. To prepare a stock solution of 0.15 M, 2-AP was dissolved 
in phosphate-buffered saline by heating at 70°C for 10 min. CHX (Sigma) was added 
at 20 mg/ml. 

Transfectiort 

In the experiments of Figures 2 and 3, monolayers of BHK-21 cells were seeded at a 
density of 1-2x10^ cells/8-cm Petri dish and grown overnight; 4h before 
cotransfection, culture medium was replaced. A mixture of 10 mg of test DNA 
construct and 4 mg salmon sperm DNA carrier, and, when included, 2 mg pSV2CAT 
DNA [47], was permeated into cells by the calcium phosphate-DNA coprecipitation 
technique. After 12-18 h, culture medium was replaced with fresh medium prewaimed 
to 37°C. In the experiments of Figures 6 and 7, LipofectAmine (Life Technologies) 
was employed following instructions of the supplier, using 1 mg of each DNA for 
transfection. 
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Hybridization Probes 

For RNase protection analysis, DNA was subcloned in pBS (Stratagene) under the T3 
or T7 promoter and transcribed using [a- 32 P]UTP to generate labeled anti-sense RNA 
transcripts. A TNF-a RNA probe (map: Fig. 2A) was generated from a 821-bp 
EcoRI-Sau3AI fragment containing the 5'-flank, 151-bp 5'-UTR, and first 6 codons. A 
second TNF-ct RNA probe was generated from a 823-bp EcoRI-EcoRI 3*-UTR 
fragment from which a 5'-terminal fragment was removed by BstEH digestion, leaving 
83 S'-terminal bp of the 3'-UTR and 250 bp beyond the 3' cleavage site (map: Fig. 2A). 
A third TNF-a RNA probe (map: Fig. 2B) was generated from a 700-bp 
Sau3AI-Sau3AI fragment consisting of 10 bp of intron 2, exon 3, intron 3 and part of 
exon 4. A TNF-P probe was generated from a 637-bp Bsu36I-EcoRI DNA fragment, 
containing part of intron 3 and 571 bp of exon 4 (map: Fig. 3A). A second TNF-p 
RNA probe (map: Fig. 3B) was generated from a 324-bp EcoRI-Bsu36I DNA 
fragment, containing part of exon 1 , exon 2, exon 3 and a portion of intron 3 . A probe 
of 250-nt, generated from a HindHI-EcoRI fragment of the coding region of the CAT 
gene [47], was used to quantitate CAT mRNA. Intactness of RNA probes was 
assessed by polyacrylamide gel electrophoresis [13]. 

Ribon uclease Protection A nalysis 

Total RNA was isolated using guanidinium isothiocyanate/CsCl. RNase protection 
analysis with RNases A and Tl was performed using genomic TNF-a and TNF-P 
riboprobes and CAT or actin probes as described [13]. Protected RNA fragments were 
separated by electrophoresis in 5% poly aery lamide/8 M urea gels. Size markers in 
Figure 3 were generated by Mspl digestion of pGEM-3 DNA and filling in with 
[a- 32 P]dCTP [12]. Size marker in Figure 7 is a 100-bp DNA ladder (Fermentas) that 

32 

was dephosphorylated and 5' end-labeled with [y- P]ATP. 
Activation of PER by 3 '-UTR Transcripts 

A 823-bp EcoRI-EcoRI TNF-a gene fragment comprised of 573 3'-terminal bp of the 
3'-UTR, the polyadenylation site and downstream sequences from pTNF-a was 
inserted into pBS under the T7 promoter. To obtain 3'-UTR sense transcripts, the 
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DNA was digested with PstI (EP), Ncol (EN), AfllU (EA), Sspl (ES) or Xmnl (EX) 
and then transcribed in vitro. A 616-bp NcoI-EcoRI TNF-a gene fragment comprised 
of 366 3 ! -tenninal bp of the 3-UTR, the polyadenylation site and downstream 
sequences from pTNF-a was inserted into pBS under the T7 promoter. To obtain 
3-UTR sense transcripts, the DNA was digested with Afllll (NA) or Xmnl (NX) and 
then transcribed in vitro. A 572-bp EcoRI-PstI TNF-p gene fragment comprised of 
389 3 -terminal bp of the 3'-UTR, the polyadenylation site and downstream sequences 
from pTNF-p was inserted into pBS under the T7 promoter. To obtain 3-UTR sense 
transcript, the DNA was digested with PstI and then transcribed in vitro. EP RNA 
transcript was purified by agarose gel electrophoresis, followed by chromatography on 
CF-11 cellulose, washing with ethanol and eluting with water as described [38], 
Phosphorylation of PKR and eIF2a chain was assayed by incubating polylrpolyC or 
3-UTR transcript with the ribosome fraction from rabbit reticulocyte lysate in the 
presence of [y-32p]ATP for 20 min at 30°C as described [49] and subjecting the 
reaction mixture to electrophoresis in 10% polyacryamide gels containing sodium 
dodecyl sulfate. 

Nuclease Sensitivity Mapping 

RNA (60 pmol), dephosphorylated with calf alkaline phosphatase and 5 1 end-labeled 
with [y- 32 P]ATP and T4 polynucleotide kinase, was purified on a 6% polyacrylamide 
gel in 8 M urea before its digestion for 20 min at 30°C with 1 unit of RNase Tl 
(Worthington) or RNase U2, or 0.15 unit of VI nuclease (Pharmacia). The mixture 
was made 9 M in urea, cooled on liquid nitrogen and separated on an 8% 
polyacrylamide sequencing gel. 

Example 1 

2-AP Inhibits Splicing of TNF-aPrecursor Transcripts in Transfected Cells 
BHK-21 cells were transfected with an intact human TNF-agene (pTNF-a; Fig. 1C). 
Transient expression of TNF-a RNA transcripts was monitored by RNase protection 
analysis using probes complementary to adjacent portions of TNF-a 5 r flank and exon 
1, in which 169 nt are protected by correctly initiated RNA, or of TNF-a 3'-UTR and 
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downstream sequences, in which 83 nt are protected by RNA with a correct 3* end 
(Fig. 2A). Endogenous hamster TNF-a mRNA was not detected by these probes. 
Expression of TNF-a RNA transcripts was sensitive to 2-AP in the culture medium, 
which led to a reduction at 2 mM and full inhibition at 6 mM. RNA transcripts with 
authentic 5' or 3' ends were expressed concomitantly and inhibited to the same extent 
by 2-AP. Hence, premature termination of transcription, which could affect processing 
of precursor RNA [50], is not the basis for the observed inhibition. 

2-AP inhibits splicing of TNF-a precursor transcripts induced in human peripheral 
blood mononuclear cells [13]. In Figure 2B, transient expression of TNF-a precursor 
transcripts (700-nt band) and spliced mRNA (341-nt band) was quantitated in pTNF-a 
-transfected cells, using an antisense RNA probe covering part of intron 2, exon 3, 
intron 3 and part of exon 4. Precursor transcripts were abundant at 20 h after 
transfection and then declined to low levels. Splicing of these transcripts resulted in 
the accumulation of mRNA, maximal by 24 h. Addition of 2-AP had a pronounced 
effect on this pattern of expression, leading to enhanced accumulation of precursor 
transcripts and to their sustained expression (Figs. 2B and C). By contrast, expression 
of spliced TNF-a mRNA was strongly inhibited (Figs. 2B and D). Expression of a 
cotransfected CAT gene was not affected by 2-AP. The opposite responses of 
precursor transcripts and mRNA to 2-AP show that it inhibits splicing of TNF-a 
mRNA encoded by a transfected human gene [13]. Sequences within this gene thus 
confer sensitivity to 2-AP. 

Example 2 

3 '-UTR Sequences Are Required for Inhibition of TNF-amRNA Splicing by 2-AP 
To examine whether TNF-a gene promoter or 5 f -UTR sequences respond to 2-AP, 
cells were transfected with pS'CAT, in which 821 bp from the TNF-a gene, 
comprising 652 bp preceding the transcription start site, the 5'-UTR and the first 6 
codons of the open reading frame are abutted to the CAT gene (pS'CAT, Fig. 1A). 
Expression of CAT mRNA proceeded unabated at lOmM 2-AP (Fig. 2E), a 
concentration that inhibited expression of TNF-a mRNA from pTNF-a (Fig. 2B). 
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Sequences mediating the response to 2-AP thus map downstream from the TNF-a 
5 f -UTR. 

In Figure 2F, BHK-21 cells were transfected with pTNF-c(£3 'UTR) which lacks 573 
terminal bp of the 792-bp 3-UTR and the 3 r -end processing signal (Fig. ID). 
Expression of precursor transcripts and mRNA was abundant and as transient as for 
the complete gene (Fig. 2B), yet expression of mRNA was no longer inhibited by 
2-AP, nor was there any enhanced accumulation of precursor transcripts (Fig. 2F). 
Although removal of most of the TNF-a 3 -UTR led to loss of 2-APRE-mediated 
regulation of splicing by 2-AP, the expressed precursor transcripts showed normal 
kinetics of splicing. Hence, the deleted 3 -UTR sequences are not required for splicing 
but solely for the regulation of this process. 

Expression of CAT mRNA carrying the portion of the TNF-a 3 -U IK that is absent in 
pTNF-c(A3TJTR), in cells transfected with pS'CAT^'UTR-a) Fig. IB), was 
unaffected by 2-AP, showing that when linked to this intronless gene, the TNF-a 
3 ! -UTR sequences do not mediate an inhibition of mRNA expression nor its 
destabilization by 2-AP. 

Example 3 

2-AP Does Not Inhibit TNF-fiGene Expression at Splicing 

In lymphoid cells, increasing doses of 2-AP led to a coordinate decline in TNF-p 
precursor transcripts and spliced mRNA, supporting an inhibition at transcription 
rather than at splicing [13]. The entire human TNF-P gene (pTNF-P, Fig. IE) was 
transfected and expression of TNF-p RNA was monitored with an antisense RNA 
probe covering adjacent segments of intron 3 and exon 4 (Fig- 3A). Unspliced 
precursor transcripts (637-nt protected fragment) were expressed transiently in large 
amounts while expression of TNF-P mRNA (571 nt) was to lower levels. This ratio 
attests to slow excision of intron 3 from human TNF-p precursor transcripts in 
BHK-21 cells. Addition of 2-AP did not elicit any increase in TNF-p precursor 
transcripts; instead, precursors and mRNA both declined. 
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The antisense RNA probe used in Figure 3B overlaps TNF-p exons 1-3 and part of 
intron 3. Precursor transcripts protect 169 nt while partially spliced precursor 
transcripts protect fragments of 324 and 275 nt. A 214-nt fragment became prominent 
by 24 h. This fragment is protected by spliced RNA molecules in which exons 2, 3 and 
4 are joined. Fully spliced rnRNA (which protects a 263 -nt fragment), though seen in 
lymphoid cells [13], was not detected in BHK-21 cells (Fig. 3B). Transfection of 
pTNF-P yielded transient expression of precursor transcripts whose decline was 
accompanied by the appearance of spliced RNA (214-nt band). Again, formation of 
spliced TNF-P RNA was relatively slow and the yield was low. Addition of 2-AP led 
to a decrease in spliced RNA (lanes 3 vs. 6) as well as precursor transcripts (lanes 2 vs. 
5). This response, seen in Figures 3A and B, stands in marked contrast to that of the 
TNF-agene (Fig. 2) and indicates that 2-AP fails to inhibit expression of a transfected 
TNF-P gene at rnRNA splicing. 

Example 4 

2-AP Inhibits Splicing of TNF-p Precursor Transcripts Carrying TNF- 3'-UTR 
Sequences 

In Figures 3C and D, transfection was with pTNF-p(3'UTR-q) (Fig. IF), in which the 
TNF-P 3'-UTR is truncated 160 bp downstream from the stop codon and joined to a 
823 -bp TNF-a gene fragment comprising 573 terminal bp of the 3-UTR, the 
polyadenylation site and downstream sequences. Addition of 2-AP led to a shift from 
spliced RNA (214-nt band) to precursor transcripts which increased strongly (Fig. 3D, 
lanes 1-4 vs. 5-7). 2-AP failed to block transcription of the chimeric TNF-p(3UTR-q) 
gene, inhibiting instead the excision of TNF-P introns 2 and 3 required for expression 
of spliced RNA. These findings are corroborated by use of TNF-P intron 3/exon 4 
probe (Fig. 3C). Again, addition of 2-AP led to a strong increase in precursor 
transcripts and a concomitant decline in spliced RNA, resulting in a pronounced rise in 
their ratio (lanes 1-4 vs. 5-7). By contrast, in cells transfected with pTNF-P(A 
3UTR)(Fig. 1G), lacking the TNF-a insert of pTNF-P(3*UTR-o), expression of 
spliced TNF-p RNA was insensitive to 2-AP. 
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Addition of CHX led, in the pTNF-(3(3 , UTR-q)-transfected cells, to enhanced 
expression of both precursor transcripts and spliced RNA (Fig. 3C and 3D, lanes 2 
vs. 8). Expression of spliced RNA was shifted to earlier times, followed by a decline 
in precursor transcripts and, more slowly, in spliced RNA (lanes 8-9). Here, too, 
generation of spliced RNA was inhibited by 2-AP (lanes 8 vs. 1 0) while precursor 
transcripts increased (lanes 9 vs. 11), the ratio of precursor transcripts to spliced 
mRNA increasing strongly. Thus, when their expression is enhanced by CHX, splicing 
of TNF-P precursor transcripts carrying a TNF-a 3 -UTR is also susceptible to 
inhibition by 2-AP. 

Expression of TNF-P mRNA from both pTNF-p and pTNF-p(3 r UTR-<^ is sensitive to 
2-AP. However, the response to 2-AP is shifted from an apparent inhibition of 
transcription for pTNF-P to inhibition of splicing for pTOT-P(3 , UTR-q). Replacement 
of part of the TNF-P 3-UTR with TNF-a3-UTR sequences renders splicing sensitive 
to 2-AP at multiple sites, shown in Figures 3C and 3D for joining of TNF-p exons 2, 3 
and 4. The observation that 2-AP fails to inhibit expression of mRNA from 
pS'CAT^'UTR-ri), yet inhibits mRNA expression from pTNF-p(3 , UTR-o^ at splicing, 
emphasizes a requirement for exon/intron junctions in addition to TNF-a 3'-UTR 
sequences. However, there is no requirement for TNF-a exons or introns per se, since 
pTNF-p(3'UTR-cx) contains only TNF-p exon/intron junctions, demonstrating a 
transcript-independent function of the 2-APRE element. A cw-actin'g element that 
renders splicing sensitive to inhibition by 2-AP thus is located within the TNF-a 
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. Example^ 

Splicing 
\ Insensitive to 2r%&. 

As seen from the responses of constructs pTNF-o; pTNF-cGSTJTR), pTNF-p, and 
pTNF-PO'UTR-a) (Fig- 1C " F )' ^ TNF ' a 3 '- UTR confers sensitivity to 2-AP at 
splicing of precursor transcripts while the TNF-p 3'-UTR lacks this property. This 
leads one to predict that splicing of precursor transcripts encoded by the reciprocal 
chimeric gene, pTNF-c(3 , UTR-P)(Fig. 1H), should proceed unabated in the presence 
of 2-AP. In pTNF-c(3'UTR-p), the TNF-agene was truncated 219 bp into the 3'-UTR 
and joined to a 572-bp TNF-p gene fragment comprising the 3'-terminal 389-bp of the 
628-bp 3-UTR, the polyadenylation site and downstream sequences. Expression of 
spliced mRNA (341-nt band) from pTNF-oOUTR-P) failed to decline when 2-AP 
was present, nor did precursor transcripts (700 nt) increase (Fig. 3E). Splicing of TNF- 
ctmRNA carrying TNF-p 3-UTR sequences thus is insensitive to inhibition by 2-AP, 
again showing that a 2-AP response element (2-APRE) resides specifically in the 
TNF-a 3-UTR. 

Example 5* . 

Activation ofPKR by RNA Deriving From the TNF-a3 '-UTR 

T7 RNA transcripts were generated from various fragments of TNF-a 3'-UTR DNA 
(Fig. 4A) and from TNF-p 3'-UTR DNA. To eliminate any contaminating dsRNA, 
these transcripts were purified by gel electrophoresis and CF-11 cellulose 
chromatography [38]. At low RNA concentration (0.05 ng/ml), RNA derived from the 
104-bp Eco Rl-PstI fragment (3'UTR-oEP) activated PKR even more strongly than 
dsRNA, as judged by phosphorylation of the PKR (68 kDa) and eIF2a(38 kDa) bands 
in the ribosome fraction of rabbit reticulocyte lysate (Fig. 4B). Like dsRNA, 3'UTR-a 
EP RNA induced phosphorylation of PKR and eIF2a at low but not high RNA 
concentrations. RNAs derived from longer or other fragments of the TNF-a 3'-UTR, 
or from the TNF-P 3-UTR, also induced phosphorylation of the 68 kDa band, but only 
at significantly higher RNA concentrations: 0.5 ng/ml for EN and 5 ng/ml for the 
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other RNA species (Fig. 4B). As inducer of PKR phosphorylation, which is a primary 
indicator of activation of PKR, 3TJTR-cEP RNA stood out with the highest molar 
specific activity (Fig. 4C). Thus, the EP domain in the TNF-aS'-UTR, located well 
upstream of the AU-rich element (Fig. 4A), encodes an RNA that at low 
concentrations, strongly activates PKR in vitro. 

Example 6 

2-AP Inhibits Activation of PKR by 3 'UTR-cEP RNA 

Phosphorylation of PKR and eIF2^ driven by the purified 3 'UTR-cEP RNA T7 
transcript, was inhibited progressively by 1 and 5 mM of 2-AP (Fig. 4D). Activation 
of PKR by 3 f UTR-cEP RNA was less sensitive to 1 mM 2-AP than that by dsRNA, 
again attesting to the potent PKR-activating activity of the former. These results show 
that 3 UTR-cEP RNA activates PKR in a 2-AP -sensitive manner. 

Example 7 

Structure of 3 'UTR-cEP RNA 

The structure of 3 'UTR-cEP RNA transcript was analyzed by Tl, U2 and VI RNase 
sensitivity mapping (Fig.^SV 3 f UTR-cEP RNA forms a stable, 5 f -proximal 48-nt 
stem-loop containing 17 base pmrs (DG= -59 kJ at 30°C). As calculated by the 
RNADraw (http://madraw.base8.se/)\^md mfold algorithms [64()replace by number], 
this stem-loop structure persists in the lohger EP-containing RNA fragments shown in 
Figure 4A. 

Analysis of a 104-nt RNA transcribed from the human TNF-a 2-APRE by nuclease 
sensitivity mapping thus reveals a stable stem-loop structure containing 17 bp, 
including 10 G:C pairs. The DNA encoding this stem loop is denoted herein by SEQ 
ID NO:2 (Table 1). This structure is conserved in human, porcine, rabbit, bovine and 
goat TNF-a genes (Fig. 5). Phylogenetic conservation is most pronounced in the upper 
stem and 6-nt loop which thus are likely to be involved in the activation of PKR. This 
folding is preserved in longer human TNF-a 3 -UTR RNA fragments containing the 
2-APRE. Moreover, the location of the 2-APRE within the human TNF-a 3-UTR, 
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halfway between the stop codon and the AU-rich motif and about 200 nt upstream of 
the latter, is conserved in the porcine, rabbit, and bovine genes. 

By contrast, no significant sequence homology of the 2-APRE is found with 
adenovirus VA RNA which binds to and inhibits PKR [34], nor with HTV-1 TAR 
[51], human a-tropomyosin 3'-UTR [33] or reovirus SI 3'-UTR [32] which were 
reported to activate PKR in vitro. Although 2-AP may affect splicing of murine c-fos 
mRNA [52], this RNA lacks a 2-APRE-like sequence. No similar structure, moreover, 
is found in the human TNF-p 3'-UTR. 

Example 8 

The 3 'UTR-cEP Domain is the 2-APRE of the TNF-aGene 

To test the concept that the EP domain in the TNF-a3'-UTR, capable of activating 
PKR in vitro (Fig. 4), mediates the sensitivity of TNF-amRNA splicing to 2-AP (Fig. 
2B), it was abutted to the TNF-c^UTR) and TNF-b genes, neither of which show 
any sensitivity to 2-AP at mRNA splicing (Figs. 2 and 3). In the constructs thus 
generated (pTNF-c(3TJTR-oEP), Fig. II and pTNF-KS'lJTR-cEP), Fig. 1J), the EP 
domain is followed by polyadenylation signal sequences of the TNF-P gene. 

BHK-21 cells transfected with pTNF-o(3 , UTR-oEP) showed transient expression of 
precursor transcripts and spliced mRNA (Fig. 6 A, lanes 1-4). Addition of 2-AP at 20 h 
elicited a progressive rise in precursor transcripts (up to 36-fold at 53 h), coupled with 
a decline in mRNA (lanes 5-8). Likewise, in cells transfected with pTNF-P(3 , UTR-a 
EP), addition of 2-AP led to a pronounced shift from spliced mRNA to precursor 
transcripts (Fig. 7 A). Thus, introduction of the 3*UTR-oEP fragment suffices for a 
gain of function, rendering splicing of precursor transcripts sensitive to inhibition by 
2-AP, whether these arise from the TNF-a or TNF-P gene, demonstrating a 
transcript-independent function of the 2-APRE element. Hence, the 3'UTR-oEP 
domain is a functional 2-APRE. 
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Example 9 

The Function of the 2-APRE in mRNA Splicing Involves Activation of PER 

On one hand, RNA transcribed from the 3TJTR-cEP domain is able to activate PKR; 
on the other hand, this domain renders mRNA splicing sensitive to inhibition by the 
PKR inhibitor, 2-AP. These results raised the possibility that PKR functions as a 
£r<3/zy-acting factor that regulates mRNA splicing in precursor transcripts that carry the 
2-APRE. To obtain direct evidence for this concept, cells were co-transfected with 
TNF gene constructs and a vector expressing PKRA5, a transdominant-negative 
mutant of PKR that prevents the activation of wild type PKR [20], If PKR^6 were to 
block the activation of endogenous PKR, it should cause inhibition of mRNA splicing 
in a manner resembling 2-AP. Indeed, as seen in Fig. 6A for pTNF-<^3 ? UTR-cEP) 
and in Fig. 7B for pTNF-(3(3 TJTR-cEP), the effect of PKR46 cotransfection was 
strikingly similar to that of addition of 2-AP, shifting the pattern of RNA molecules 
from spliced to unspliced forms. In Fig. 6A, the effect was particularly pronounced at 
later times when PKRA5 expression should become more prominent (lanes 1-4 vs. 
9-12) but even at the early times a reduction in spliced RNA was evident. This shift to 
unspliced RNA forms was not observed for the TNF-c^'UTR) gene (Fig. 6B) nor 
for the TNF-p gene (Fig. 7C) and thus requires the 2-APRE. For the TNF-p gene, total 
expression of RNA was reduced by PKRA5, reflecting the earlier results with 2-AP 
(Figs. 3A and B). 

Conversely, Fig. 8 shows that overexpression of wild-type PKR enhances splicing in a 
2-APRE-dependent manner. Co-transfection with pPKR, a vector expressing wild-type 
PKR, led to a shift from unspliced RNA into mRNA encoded by 
pTNF-a(3 ! UTR-aEP) , the ratio of mRNA over precursor transcripts increasing up to 
20-fold by 45 h. Such enhancement was absent when pTNF-a(A3TJTR) was used 
instead. 

When PKR was co-transfected, moreover, the amount of mRNA expressed by 
pTNF-a(3 'UTR-aEP) was significantly greater than that expressed by 
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pTNF-a(A3XJTR), despite higher levels of unspliced precursor transcripts in cells 
transfected by the latter construct (Figure 8). This result shows that the ability to 
respond to PKR at the splicing step enables a more efficient production of TNF-a 
mRNA. 

The 2-APRE renders mRNA splicing dependent on activation of PKR, which can be 
abrogated by 2-AP or expression of PKRA6 and enhanced by expression of wild-type 
PKR- Our results show that activation of PKR is not only required for splicing of 
mRNA when precursor transcripts contain the 2-APRE but also makes it far more 
efficient. 

These results show that activation of PKR is essential for splicing of mRNA when 
precursor transcripts contain the 2-APRE but not when they lack it. The 2-APRE thus 
renders mRNA splicing dependent on the activation of PKR, which can be abrogated 
by 2-AP or by PKR45 (Fig. 1). 

Accordingly, the 2-APRE represents a novel cz^-acting element that controls splicing. 
In the presence of 2-AP, the decline in 2-APRE-containing mRNA was accompanied 
by a strong increase in precursor transcripts (Figs. 2C and 2D; [13]) This pronounced 
shift from mRNA to pre-mRNA is consistent with an inhibition at splicing rather than 
enhanced decay of mRNA. Located about 200 nt upstream of the AU-rich motif, the 
2-APRE is in a region not involved in destabilization of TNF-a mRNA. The 
possibility that the 2-APRE would render precursor transcripts more stable in the 
presence of 2-AP, yet mRNA less stable, is not supported by RNA chase experiments. 
In lymphoid cells, 2-AP does not reduce stability of TNF-amRNA nor does it cause a 
perceptible stabilization of TNF-a precursor transcripts [13]. Deletion of S'-UTR 
sequences, including the 2-APRE as well as the AU-rich motif, did not render the 
mRNA noticeably more stable (Figs. 2B vs. 2F). 

Thus, a novel role for the 3 -UTR, in the control of mRNA splicing has been shown. A 
regulatory sequence, 2-APRE, within the human TNF-a 3-UTR is a exacting 
element that renders splicing of precursor transcripts dependent upon the activation of 
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the RNA-activated eIF2a kinase PKR. That the 2-APRE is a c is -acting element is 
shown by the finding that addition of the kinase inhibitor 2-AP, or co-transfection 
with a transdominant-negative mutant of PKR (PKR#5), leads to a severe inhibition of 
splicing of TNF-a mRNA but not of TNF-p mRNA. Deletion of the 2-APRE, 
moreover, or its replacement by TNF-p 3 -UTR sequences, frees splicing of TNF-a 
precursor transcripts from a dependency on PKR activation, while insertion of the 
2-APRE into the TNF-p 3 ! -UTR leads to gain of this control (Fig. 1). 

Both genetic (PKRA5) and biochemical evidence (2-AP) support the conclusion that 
activation of PKR is required for splicing, provided the 2-APRE is present in the 
precursor transcript. Thus, PKR responds as fra/iy-acting factor to the 2-APRE. It has 
thus been shown that RNA encoded by the 2-APRE strongly activates PKR in vitro 
and induces eIF2aphosphorylation, supporting this functional link. 

Activation of PKR is, however, not only necessary for splicing of mRNA when 
precursor transcripts contain the 2-APRE but also makes it more efficient. 
Overexpression of PKR leads to greatly facilitated splicing of TNF-a precursor 
transcripts, provided they contain the 2-APRE. 

The results show a novel function for the RNA-activated eLF2a kinase, PKR, in the 
regulation of splicing. Precursor transcripts containing the 2-APRE are not spliced 
when the function of PKR is inhibited by 2-AP, which blocks the ATP-binding site in 
the protein [30], or by expression of a transdominant-negative mutant PKR which 
blocks fra/7.y-autophosphorylation of the enzyme, obligatory for its activation [20]. 
Hence, splicing of human TNF-a precursor transcripts is dependent on the activation 
of PKR. Cells expressing the TNF-a gene contain constitutive, low levels of PKR that 
suffice to fulfill this requirement for splicing since the phenotype of the 2-APRE is 
manifested only in conditions where activation of PKR is inhibited. Upon removal of 
the 2-APRE, the dependency of the splicing process on PKR activation is lost. 

The finding that PKR is a trans-acting factor required for splicing of TNF-a but not 
TNF-p precursor transcripts reveals a selective mode of action for this protein kinase, 
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apparently elicited through local activation by a highly ordered structure within the 
2-APRE. Activation of PKR requires its dimerization on RNA [22, 23] which 
therefore must be induced by the 2-APRE. 

Located within precursor transcripts expressed in the cell, the 2-APRE is able to 
render splicing dependent on the activation of PKR in a manner that can be inhibited 
by 2-AP or PKRA6. The 2-APRE in the human TNF-agene thus represents a specific 
structure within the 3'-UTR of a cellular mRNA that is able to activate PKR in a 
manner that permits not only the phosphorylation of eIF2a chains but also the splicing 
of an mRNA. 

Activation and inhibition of PKR by RNA are dependent on the length and position of 
double-helical regions having the A conformation, rather than on their specific 
sequence. Noncontiguous short helices of RNA can cooperate in binding of PKR and 
thereby, in its activation [39], properties that characterize the 2-APRE as well. 
Although the 2-APRE duplex is discontinuous, it complies with conformational 
constraints typical of highly structured RNAs. Remarkably, EP RNA is an even more 
potent activator of PKR than dsRNA, and unlike human delta hepatitis agent RNA 
[31], it also induces eIF2a phosphorylation (Fig. 5). Consistent with this property, 
when supported by the 2-APRE, activation of PKR and phosphorylation of eIF2aare 
less sensitive to inhibition by 2-AP than when mediated by dsRNA. Splicing of TNF-(3 
precursor transcripts carrying an inverted TNF-ct 3 ? -UTR sequence is as sensitive to 
inhibition by 2-AP as splicing of TNP-f^'UTR-q) transcripts, supporting the concept 
that structure rather than sequence of the 2-APRE is important for its function in 
splicing control. 

The involvement of PKR in splicing and the role of the 2-APRE therein are clearly 
distinct from mechanisms that affect specific splice sites, e.g., in alternative mRNA 
splicing. Constitutive and alternative pre-mRNA splicing is controlled by reversible 
protein phosphorylation in which the activity of kinases and phosphatases is 
coordinated [42]. SR protein kinases and elk/Sty [52, 53] phosphorylate splicing 
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factors that contain an RS domain. SR protein kinases, however, regulate splicing 
generally rather than selectively as shown here for the human TNF-agene. The broad 
range of activity of the SR kinases differs from the more restricted PKR-dependent 
splicing control described here. The fact that splicing of EL- 1(5 precursor transcripts 
[13], as well as TNF-a precursor transcripts lacking the 2-APRE, is insensitive to 
2-AP, indicates that 2-AP does not inhibit SR protein kinases or RNA helicases 
required for constitutive splicing. 

Accordingly, the 2-APRE represents the first example of a novel class of highly 
ordered c/j-acting RNA elements involved in mRNA splicing control. 

Example 10 

Self-Elimination of Splicing Control Element 2-APKE 

The exonic 2-APRE from the TNF-a gene is a cii-acting, portable element that 
confers splicing control. Upon transport into the cytoplasm, however, localized 
activation of PKR by the 2-APRE residing in resulting mature mRNA is expected to 
reduce the translation efficiency of the resulting mRNA, through local activation of 
PKR and phosphorylation of the eIF2a subunit in the cytoplasm. The advantage 
gained from control of splicing by the 2-APRE may thus be offset by a loss in 
translation efficiency. A solution to this problem, for applications in biotechnology 
and gene therapy, is provided as illustrative example by construct pTNF-c(A 
3TJTR-i3EP) (Fig. IK). In pTNF-c(£3TJTR-i3EP), the 2-APRE was moved away 
from its exonic location within the TNT-a3-UTR into intron 3 of the TNF-agene. 

After first rendering mRNA splicing in cis dependent upon the activation of 
RNA-activated eIF2a kinase, the intronic 2-APRE is spliced out of the mRNA 
together with the remainder of the intron, yielding a 2-APRE- free mRNA that will 
undergo more active translation because it cannot support 2-APRE-mediated 
activation of the kinase in the cytoplasm. 

Using an intronic 2-APRE, its effect will be restricted to the nucleus, where it will 
locally activate PKR to promote mRNA splicing. Using nuclear localization sequence 



WO 00/14255 PCT/IL99/00483 

-39- 

[55]-PKR fusion constructs, furthermore, nuclear localization of PKR may be 
achieved. In this way, regulation of splicing may be uncoupled from translational 
control. 

Example 11 

Use of splicing control element 2-APRE in combination with regulated expression 
and/or activity of the RNA-activated eIF-2akinase 

Insertion of a cw-acting element, exemplified by the 2-APRE, into a desired gene 
renders splicing of mRNA encoded by this gene dependent on the activity of a kinase 
exemplified by PKR. Methods known in the art can now be used to obtain a regulated 
expression system based on 2-APRE-mediated regulation of splicing by introducing 
low molecular weight compounds in the medium of a cell culture or in a transgenic 
organism. For this purpose, the target element in the expression vector (e.g., the 
2-APRE) is combined with a regulated effector provided by manipulating the 
expression and/or activity of eIF2a kinase (e.g., PKR). Such a system may be 
combined with already existing vectors in which expression is regulated at the level of 
transcription or translation. 

The 2-APRE may be integrated at different positions, whether intronic as exemplified 
by pTNF-o^'UTR-iSEP) or exonic as exemplified by pTNF-c(3'UTR-cEP) or 
pTNF-pX3'UTR-oEP); in an exonic location, the 2-APRE may be placed 3' or 5' to the 
open reading frame of the desired protein, in order to allow optimal function in 
splicing regulation while minimizing possible side effects on transcription yield, 
mRNA half-life, and translation yield. Such placement may be optimized using 
reporter genes, e.g., firefly luciferase [56] and green fluorescent protein mutants [57]. 
The promoter of this vector construct will be constitutive with respect to manipulation 
of cells and the application of regulating compounds to be described below. 

i 

Examples of cells useful for application of the invention are BHK and CHO cells. 
Regulated expression of the desired gene or of the reporter gene can be analyzed at the 
protein as well as at the RNA level. 
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A trans-acting regulator implicated for the 2-APRE is PKR Downregulation of PKR 
should reduce splicing, while overexpression of PKR should increase it. Although 
overexpression of PKR occurs, for example, in interferon-treated cells, the enzyme 
remains inactive as long as viral dsRNA is lacking, thus allowing translation to 
proceed unabated and cells to grow normally [67]. Methods are known in the art to 
make either expression of PKR or activity of PKR regulatable by external means. 

For example, expression can be controlled by use of the TET-off system [7]. 
Transactivator-containing cells are supertransfected with the PKR gene under control 
of the tetracycline-dependent promoter. Thus, in the presence of tetracycline the 
promoter should be off and in its absence, overproduction of PKR (or of a 
trans-dominant-negative mutant of PKR) should take place. 

Activity of PKR can be modulated, for example, by use of fusion proteins between 
PKR and a steroid hormone receptor element. In many examples, it was shown that 
such fusion proteins are fully dependent on the respective hormone, e.g., progesterone, 
estradiol, or tamoxifen [58, 59, 60]. Either wild type PKR and a negative dominant 
mutant PKR can be used. The function of these fusion proteins in dependence on the 
steroid hormone is tested by examining autophosphorylation of the PKR fusion protein 
or its targets, endogenous PKR or the eIF-2a chain. Furthermore, such regulation can 
be tested with respect to expression of a reporter gene in a co-transfected splicing 
vector as described above. 

Another way to manipulate PKR activity is exemplified by 2-AP or other adenine 
analogs [61], or by calcium ions [65]. 

To achieve an even wider range of splicing regulation through the exacting element 
(e.g., 2-APRE), one may inhibit the endogenous PKR activity of cell by stably 
integrating, for example, a transdominant negative mutant of PKR, or a 
PKR-inhibitory protein exemplified by vaccinia virus E3L [62] or K3L genes [63], or 
an RNA that inhibits the activation of PKR exemplified by adenovirus VA RNA [34] 
and by Epstein-Barr virus Eber RNA [66] and expressing such a PKR-inhibitory gene 
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to low levels by use, for example, of the TET-off system. In cell clones in which this 
has been achieved, a regulatable PKR expression vector can then be introduced, to 
allow control of the level of functional PKR activity over a wide range. 
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